), and virtually all neuromodulators that block transmitter release have been shown to inhibit somatic calDepartment of Physiology and Biophysics University of Washington cium channels in a variety of central neurons (Nicoll et al., 1990; Anwyl, 1991) . Nevertheless, patch-clamp Seattle, Washington 98195-7290 studies of synaptic transmission have revealed that activation of presynaptic receptors also inhibits calciuminflux-independent spontaneous transmitter release Summary (Scholz and Miller, 1992; Scanziani et al., 1992; Umemiya and Berger, 1995; Scanziani et al., 1995 ; Dittman and Local recycling of synaptic vesicle membrane at nerve Regehr, 1996; Capogna et al., 1996 , 1996) and would be severely affected by excitatory transmission is entirely accounted for by a down-regulation of the rates of endocytosis or vesicle rapidly reversible reduction of exocytosis. In contrast, "repriming." In this study, we have examined the actions GABA B receptors do not alter the rate or extent of of the GABA B receptor agonist, baclofen, on exo-and endocytosis.
Introduction but do not markedly inhibit endocytosis. We also show, using simultaneous voltage-clamp recording of autaptic Although much is known about properties of postsynaptransmission and FM1-43 imaging, that the inhibition of tic neurons in the mammalian brain, processes directly excitatory transmission can be entirely accounted for by regulating transmitter release at presynaptic terminals the inhibition of vesicle exocytosis. Some experiments in and their modulation remain less understood. In the hippocampal neurons have suggested that the probabilmammalian central nervous system, methods based on ity of transmitter release is nonuniform at different requantal analysis of postsynaptic responses have release sites (Hessler et al., 1993; Rosenmund et al., 1993) . vealed factors regulating transmitter release (Redman, These studies relied on a postsynaptic receptor blocker 1990). However, this approach does not distinguish beto determine presynaptic release probability indirectly. tween mechanisms such as the modulation of presynapUsing the rate of FM1-43 destaining at individual syntic ion channels or direct modulation of the exocytotic apses as a measure of synaptic vesicle release, we have machinery. Neurotransmitter exocytosis occurs at disdetermined directly the range of release probabilities crete active zones containing readily releasable pools across multiple release sites arising from the same axon. of synaptic vesicles. Transmitter release requires fusion of synaptic vesicles with the plasma membrane of the nerve terminal, and this membrane is retrieved and recyResults cled for subsequent rounds of transmitter release (Scheller, 1995) . These crucial steps in transmitter reSynaptic vesicle membrane can be selectively labeled with the fluorescent dye FM1-43 in an activity-depenlease can now be studied more directly using optical imaging of a fluorescent membrane probe, FM1-43, dedent manner. We examined synaptic vesicle dynamics in neurons cultured from regions CA1-CA3 of the rat veloped by Betz and colleagues at the neuromuscular junction (Betz and Bewick, 1992; Betz et al., 1992) hippocampus. Field stimulation of hippocampal cultures in the presence of FM1-43 followed by washing of the and recently applied to cultured hippocampal neurons Ryan and Smith, 1995) .
dye labels discrete puncta corresponding to recently retrieved synaptic vesicle membrane at release sites Many G-protein-coupled neurotransmitter receptors, including those activated by GABA, acetylcholine, gluta-( Figure 1A ) (Reuter, 1995; Reuter and Porzig, 1995; Ryan and Smith, 1995; Ryan et al., 1996a; 1996b) . Virtually mate, and adenosine, modulate synaptic transmission by direct effects (usually inhibitory) on nerve terminals all of this trapped fluorescence is released following a second round of stimulation (20 Hz for 90 s) in control (Nicoll et al., 1990; Thompson et al., 1993) . Presynaptic voltage-gated calcium channels are thought to represolution ( Figure 1B ). Consistent with a release mechanism that depends on action potentials and calcium sent an important target in the modulation of transmitter release (Wu and Saggau, 1995; Dittman and Regehr, channels, stimulus-evoked destaining was prevented by adding tetrodotoxin (1 M) or cadmium chloride (200 destaining during stimulation in dye-free solution ( Figure  1C) , and when the same boutons are loaded and de-M) to the perfusing solution (data not shown). The time course of exocytosis can be studied by measuring the stained twice, the rate of exocytosis is identical in the two destaining runs. These results confirm that destainmediated by glutamate receptors. The cell was loaded with FM1-43 by a round of stimulation, washed free of ing rates are reproducible over multiple periods of stimulation (Reuter, 1995) . Destaining at stimulus frequencies the dye, and then stimulated again to study the kinetics of destaining. Baclofen (50 M) depressed the amplitude of 2-4 Hz averaged ‫%5.0ف‬ of the recycling vesicle pool per stimulus. As expected, increasing the stimulus freof the autaptic EPSP and markedly slowed the rate of destaining at each of the synapses studied in this cell quency to 20 Hz caused an increase in the relative rate of destaining; however, the rate constant per stimulus ( Figure 2A ). Synapses from this cell showed striking similarity in the relative rate of destaining despite the was somewhat reduced ( Figure 1C) .
Activation of presynaptic GABA B receptors potently fact that their initial raw fluorescence values (not shown) varied over a 2-fold range. In this experiment, the deinhibits synaptic transmission at a variety of central synapses (Mott and Lewis, 1994) . Therefore, we examined staining rate constant per action potential averaged 0.43% under control conditions at 2 Hz stimulation and the action of the GABA B agonist baclofen on synaptic transmission and on FM1-43 destaining at excitatory fell to 0.10% in the presence of baclofen ( Figure 2B ). Following washout of baclofen, the rate recovered to synapses from single cells grown in microisland culture. Under these conditions, an isolated neuron makes syn-0.40% and was somewhat less during a subsequent period of 20 Hz stimulation (0.39%). These results indiapses with itself ("autapses"); thus, autaptic currents/ potentials are monosynaptic, and all inputs are derived cate that baclofen dramatically decreases the rate of exocytosis as measured by FM1-43 dye loss. from the same cell. The results from one cell recorded in current clamp are shown in Figure 2 . The cell was
We next compared the presynaptic inhibition of vesicle release and excitatory transmission in the same neuheld at a resting potential of Ϫ80 mV, and a depolarizing current step was injected to elicit a single action potenrons. In these experiments, cells were voltage clamped to monitor autaptic excitatory postsynaptic currents tial (Figure 2A inset). The action potential was followed by a large excitatory postsynaptic potential (EPSP) that (EPSCs) (Figure 3 , top). Baclofen caused a rapid and reversible inhibition of EPSC amplitude (control ampliwas blocked by the non-N-methyl-D-aspartate (non-NMDA) antagonist CNQX, confirming that the EPSP was tude 3.0 Ϯ 1.7 nA), which averaged 73% Ϯ 4% (n ϭ 6). There was only a small and variable action of baclofen marked inhibition of destaining evoked by 4 Hz field stimulation ( Figure 5A ; n ϭ 4 cultures). Similar to our on membrane holding current, averaging ϩ14 Ϯ 18 pA (n ϭ 8). In seven cells (six in voltage clamp, one in current single-cell measurements, under control conditions, the average destaining rate constant during 4 Hz field stimuclamp), the destaining rate constant averaged 0.65% Ϯ 0.12% (range 0.4-1.21) per stimulus under control condilation was 0.61% Ϯ 0.03%/stimulus, and in the presence of baclofen, the rate constant was reduced to 0.11% Ϯ tions. This was reduced to 0.12% Ϯ 0.01% in the presence of baclofen and recovered to 0.56% Ϯ 0.08% upon 0.02%/stimulus. Curiously, however, the inhibition was frequency dependent. Subsequent higher frequency washout of the agonist. Both the rapid time course and the extent of inhibition of FM1-43 destaining were identistimulation (20 Hz) in the same baclofen-treated cells evoked destaining at rates approaching those observed cal to that measured by the EPSC (Figure 3 ). These results indicate that FM1-43 destaining faithfully tracks under control conditions (20 Hz control: 0.37% Ϯ 0.02%/ the strength of synaptic transmission in single axons.
Several studies have indirectly examined the probability of transmitter release (Pr) by monitoring the progressive blockade of NMDA receptor-mediated EPSCs by the irreversible open channel blocker MK-801 (Hessler et al., 1993; Rosenmund et al., 1993) . Those results suggested that P r was nonuniform across different synapses and in fact fell into two classes: a small subset of high P r synapses and a much larger population of low P r synapses. We studied the initial rates of FM1-43 destaining at individual release sites as a measure of the rate of release of synaptic vesicles to determine more directly the range of Pr from sites arising from the same neuron. Initial destaining rates were determined by linear fits to the dye loss measured during the first 20 s of stimulation at 2 Hz. Destaining rates for boutons from autaptic recordings (‫/01ف‬cell) were normalized with respect to the mean destaining rate from the same cells. The initial destaining rates were well fitted by a single Guassian distribution (coefficient of variation ϭ 33%; n ϭ 55 synapses), indicating that under our recording normalized to the average rates from each cell (n ϭ 55 synapses).
We also studied the action of baclofen in mass cul-
The line is a single Guassian fitted to the data with a coefficient of variation of 33%.
tures. As in the autaptic recordings, baclofen caused a stimulus; 20 Hz baclofen: 0.25% Ϯ 0.05 %) ( Figure 5A ). the destaining rate during 4 Hz stimulation and 32% during 20 Hz stimulation ( Figure 5A ). Taken at face value, Similarly, in other experiments, destaining evoked by 20 Hz stimulation alone was only modestly inhibited by however, our data suggest that even without baclofen, 20 Hz stimulation depresses the EPSCs more than it baclofen.
To further address the frequency-dependent action depresses FM1-43 destaining. An interesting speculative interpretation would be that some of the membrane of baclofen, we examined its effects on autaptic EPSCs evoked at a frequency of 20 Hz. Without baclofen, the cycling measured by FM1-43 at high frequencies is less effective at delivering transmitter to receptors (due to EPSC amplitude gradually declined during a 6 s train of 20 Hz stimulation ( Figure 5B ) and at the end of the train incomplete filling of vesicles), or that some receptors are desensitizing. averaged 36% Ϯ 16% (n ϭ 5) relative to the first EPSC of the train. Such depression of transmitter release is
In addition to inhibiting nerve-evoked transmission, baclofen causes a marked reduction in the frequency of often ascribed to depletion of the presynaptic vesicle pool. In the presence of baclofen, the amplitude of the TTX-and calcium-influx-independent miniature EPSCs (Scholz and Miller, 1992; Scanziani et al., 1992 ; Capogna first EPSC of a 20 Hz train was 27% Ϯ 2% of the first control response, and 6 s later, it still averaged 30% Ϯ et al., 1996) . This has raised the suggestion that G-protein-coupled presynaptic receptors inhibit synap-12% ( Figure 5B ). As expected, baclofen reduced the first EPSC strongly (by 73%); however, unlike the control tic vesicle dynamics at steps downstream of calcium influx. Given this hypothesis, we next made FM1-43 condition, there was no additional depression of the EPSCs during the 6 s of high frequency stimulation.
pulse-chase measurements (Ryan and Smith, 1995; Ryan et al., 1996a) of the endocytic phase of the synaptic Therefore, the EPSC amplitudes with and without baclofen differed by only 17% at the end of the train. This vesicle cycle to determine whether GABA B receptors modulate events underlying endocytosis in mass culeffect is in the same direction as was found with FM1-43, where baclofen caused an average reduction of 82% of tures of hippocampal neurons. To study the action of baclofen on endocytosis, we same synapses were then loaded with FM1-43 in the presence of baclofen for 60 s, and ⌬F was compared used dye-loading protocols designed to measure membrane retrieval for 60 s following a brief period of exoto that measured under control conditions in the same synapses. Baclofen did not significantly depress the cytosis (20 Hz for 5 s) ( Figures 6A1 and 6B1) . Previous results indicate that the majority of recycling vesicles extent of endocytosis in any of the cultures examined (n ϭ 6; Figure 6A2 ). ‫)%08ف(‬ are retrieved within 60 s of such a brief stimulus . The pool of vesicles undergoing Because the previous result was negative, we wanted to validate our method by showing that we can detect endocytosis was labeled by applying FM1-43 for 60 s immediately after the end of the 5 s stimulation. Followchanges in ⌬F when they occur. We chose to reduce ⌬F by delaying the application of the FM1-43. In the ing washout of the dye for 5 min, a second round of stimulation was delivered to measure the size of the control run for these experiments, dye was applied for 60 s beginning with the onset of the brief stimulus to pool of vesicles that had undergone endocytosis during the 60 s poststimulus period. The size of this pool was trigger exocytosis. The ⌬F from this loading protocol was compared to that from the same synapses when taken as the absolute amount of fluorescence released (⌬F) during 90 s of 20 Hz stimulation ( Figure 6A2 ). The the FM1-43 application was delayed for 20 s from the start of stimulation ( Figure 5B1 ). Any vesicles undergoand inhibitory synaptic transmission in cultured hippocampal cells (Harrison, 1990; Scholz and Miller, 1991 ; ing endocytosis during this 20 s interval will escape labeling and would therefore not contribute to the recy- Wilcox and Dichter, 1994; Pfrieger et al., 1994) . Second, baclofen inhibits the frequency of calcium-influx-indecling pool measured during the subsequent stainingdestaining protocol. As expected, following a 20 s delay, pendent miniature EPSCs (Scholz and Miller, 1992; Scanziani et al., 1992) , raising the possibility that presyn-⌬F was significantly less than control ( Figure 6B2 ). On average, it was 39% Ϯ 2% (n ϭ 4 cultures) smaller aptic GABA B receptors interact directly with components of the synaptic vesicle recycling pathway. (Figure 6C ). These results indicate that we can detect changes in ⌬F and support our findings that baclofen
We found that baclofen strongly inhibits autaptic EPSCs from cells grown in microisland cultures. Simuldid not inhibit endocytosis over the 60 s period when the majority of vesicle membrane is retrieved.
taneous optical recording of FM1-43 destaining provided a novel measure of the exocytosis of synaptic While baclofen did not inhibit the extent of endocytosis, it might still slow the rate of endocytosis. To test vesicles from the same population of synaptic terminals. At the neuromuscular junction, the initial rate of FM1-43 for this possibility, we studied the action of baclofen at an early point in the time course of membrane recycling.
destaining is proportional to synaptic transmission measured by intracellular recordings of end plate potentials In these experiments, a 20 s delay was again imposed between the beginning of the brief loading stimulus (20 (Betz and Bewick, 1993) . In agreement with these findings, we have found at a central synapse that the inhibiHz for 5 s) and the start of a 60 s application of FM1-43. The ⌬F from this loading protocol without baclofen was tion by baclofen of FM1-43 destaining rate is proportional to the inhibition of EPSCs. These results provide compared to that from the same synapses when baclofen was included during the 15 s immediately following further evidence that nerve-evoked destaining of terminals loaded with FM1-43 faithfully tracks the kinetics of the loading stimulus. In this protocol, if baclofen reduced the rate of endocytosis, fewer vesicles would be reneurotransmitter release and show that the presynaptic inhibition of synaptic vesicle exocytosis may entirely trieved in the 15 s interval when dye was absent, and therefore more would be available to contribute to the account for the inhibition of evoked transmission. We found no evidence in either mass cultures or aulabeled pool. Under these conditions, ⌬F was not signficantly affected by baclofen (baclofen/control ⌬F ϭ taptic recordings for discrete populations of FM1-43-labeled synapses that were not inhibited by baclofen 112% Ϯ 12%; n ϭ 4). Taken together, our results show that baclofen does not markedly alter either the rate or during stimulation at 2-4 Hz. In contrast, the N-type calcium channel blocker -conotoxin GVIA has been extent of endocytosis.
reported to inhibit FM1-43 destaining (evoked by 20 Hz field stimulation) preferentially at a subset of synapses Discussion in cultured hippocampal neurons (Reuter, 1995) . Despite the potential heterogeneous distribution of presynaptic We used the membrane probe FM1-43 to examine the calcium channel subtypes, we find that GABA B receptorimpact of presynaptic inhibition on synaptic vesicle turnmediated inhibition is quite homogeneous. over in cultured hippocampal neurons. We studied vesiWe have found with 2 Hz stimulation that the rates of cle dynamics in mass cultures of hippocampal neurons destaining from synapses arising from the same axon and in synapses arising from the same axons in single could be well described by a unimodal distribution of excitatory cells. All synapses had a remarkably uniform Pr. This seemed surprising, given conclusions drawn rate constant of release, and the GABAB agonist baclousing MK-801 blockade of NMDA receptor-mediated fen uniformly inhibited vesicle release at synapses laEPSCs in similar cultures (Rosenmund et al., 1993) . Such beled by FM1-43 without depressing endocytosis.
studies showing that the progressive block of NMDA The styryl dye FM1-43 labels recycling synaptic vesiEPSCs was well fitted with two exponentials had sugcle membranes (Betz et al., 1992; Betz and Bewick, gested that there are two populations of sites: those 1993; Henkel and Betz, 1996) . It has been used to probe with a high P r (0.5) and those with a much lower P r the kinetics of vesicle dynamics in cultured hippocampal (0.1) that account for ‫%08ف‬ of all synapses; a distinct neurons population of synapses with high P r was sensitive to 1995), including the block of vesicle release at individual inhibition by baclofen. Given our typical dye-loading synapses by calcium channel antagonists (Reuter, stimulus of ‫052ف‬ action potentials, it would seem un-1995), the influence of the Na ϩ -Ca 2ϩ exchanger (Reuter likely that synapses even with a very low P r would go and Porzig, 1995) , and the potentiation of vesicle turnundetected. Recently, it has been reported (Tovar et al., over following tetanic stimulation (Ryan et al., 1996b) .
1995, Soc. Neurosci. Abstract) that although the proAll of the studies in hippocampal neurons relied on field gressive block of NMDA EPSCs is fitted with two expostimulation to evoke synaptic vesicle turnover; however, nentials at early stages of development ‫7ف(‬ days in vitro) the relationship between vesicle release and classical in culture, it requires only a single exponential in more measures of synaptic transmission (i.e., electrical re-"mature" cultures (17-21 days in vitro). Our observations cordings of nerve-evoked EPSCs) has not been well on autaptic cultures ‫41ف(‬ days in vitro) would be consisestablished. Furthermore, the action of presynaptic retent with the MK-801 data on more mature cultures. ceptors on synaptic vesicle dynamics has not been deOur results confirm previous findings (Ryan and Smith, scribed. 1995) that, on average, approximately 0.5% of the total We chose to use baclofen for several reasons. First, recycling pool of synaptic vesicles is released by each action potential. We find that the variability in P r (as presynaptic GABA B receptors potently inhibit excitatory defined by the initial destaining rates) between synapses slow time scale (t1/2 ‫03-02ف‬ s) in hippocampal neurons (our results; Reuter and Porzig, 1995; Ryan and Smith, yielded a coefficient of variation of 33%. Recent electrophysiological studies have used postsynaptic re-1995; Ryan et al., 1996a) . We have shown that GABA B receptor activation does not inhibit membrane retrieval sponses to hypertonic or hyperkalemic solutions to probe the size of the available pool of vesicles at culover a 60 s interval following a brief exocytotic stimulus. Indeed, the rapid onset and offset of GABA B receptortured hippocampal synapses (Liu and Tsien, 1995; Stevens and Tsujimoto, 1995) . These results suggest a funcmediated presynaptic inhibition that we and Pfrieger et al. (1994) have observed is consistent with a rapid tional pool size on the order of 100 synaptic vesicles. The size of the anatomically defined vesicle pool in cultured membrane-delimited action on a target(s) in the nerve terminal (Hille, 1992) . Our results suggest that downhippocampal synapses is unclear but is suggested to be ‫001ف‬ vesicles (Malgaroli, 1994) . If the recycling pool regulation of the available pool of synaptic vesicles via inhibition of the endocytic phase of vesicle recycling is of vesicles labeled by FM1-43 is similar to those defined above, the Pr of release sites would be approximately not a mechanism of GABAB receptor-mediated inhibition. 0.5. However, a serial reconstruction study of synapses from rat hippocampus has found that some boutons
The precise molecular steps underlying presynaptic inhibition are still under much debate. Considerable evican contain several hundred vesicles (Harris and Sultan, 1995) . Thus, the FM1-43 measurements may agree with dence points to a modulation of presynaptic calcium channels Doze et al., 1995 ; Dittprevious studies (Allen and Stevens, 1994) , suggesting that transmitter release is unreliable (P r Ͻ 1), but our man and Regehr, 1996) . However, because baclofen reduces mEPSC frequency, it has been proposed that conclusion depends on knowing the number of synaptic vesicles per bouton.
inhibition of evoked excitatory synaptic transmission is in part (Dittman and Regehr, 1996) or largely (Scanziani Although baclofen potently inhibited FM1-43 destaining in single cells and mass cultures during 2- 4 Hz stimuet al., 1992; independent of presynaptic calcium channel modulation. It is useful to recognize, however, lation, we observed that destaining during 20 Hz stimulation was much less affected. The inhibition of EPSCs that the relationship of spontaneous transmitter release to nerve-evoked release is unclear. One possibility that was also frequency dependent. These results are consistent with the increase in paired-pulse facilitation that could reconcile these results is based on the extensive interactions between N-type calcium channels and has been reported for many neuromodulators that inhibit transmitter output (i.e., Manabe et al., 1993) . Frequencyproteins implicated in vesicle release, including syntaxin, SNAP-25, and VAMP-synaptobrevin (Calakos and dependent presynaptic inhibition has similarly been reported in central and peripheral synapses during high Scheller, 1996; Sheng et al., 1996) . The machinery needed for vesicle docking and fusion and the calcium frequency trains of stimulation (Bennett and Lavidis, 1980; Pennartz and Lopes da Silva, 1994; Shen and channels mediating release may form a supramolecular complex at the active zone. In this view, G-protein-mediHorn, 1996).
Several factors may contribute to the apparent ability ated, membrane-delimited modulation of the calcium channels (Hille, 1994) could lead to conformational of high frequency stimulation to overcome presynaptic inhibition. One possibility could be that baclofen is less changes in the supramolecular fusion machinery. Thus, nerve-evoked and calcium-independent transmitter reeffective at inhibiting presynaptic calcium channels at high stimulation rates. This seems unlikely since other lease could be simultaneously modulated by actions on the presynaptic calcium channel. G-protein-coupled receptors can inhibit calcium currents evoked at high frequencies with voltage pulse protocols simulating action potential waveforms (Toth and Experimental Procedures Miller, 1995) . If baclofen acts by inhibiting a distinct calcium channel subtype, another possibility is that
